A simple biotemplating method for the synthesis of silica (SiO 2 and titania (TiO 2 nanowires was designed on a fibrillar protein (alpha-synuclein) template. The diameter of SiO 2 and TiO 2 nanowires could be varied, between 20-100 nm, by varying the processing conditions. The nanowires were characterized by energy dispersive spectroscopy (EDS) and electron energy loss spectroscopy (EELS). Due to their high surface area and porosity, the nanowires were tested for potential applications in enzymatic biosensor design.
INTRODUCTION
The field of nanotechnology has attracted much attention in the past few decades due to the unique properties exhibited by nanostructures over their bulk counterparts.
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The exquisite properties displayed by these nanostructures open several opportunities for them to be used in variety of fields such as sensing, catalysis or electronics.
Although there is a large scope of applications for these nanostructures, there are some obstacles that need to be overcome. Despite an impressive volume of research in the field of nanowire fabrication, there are still challenges associated with difficulties in the manipulation of such nanostructures and their placement in particular positions in complex nanoelectronic devices. Using biological molecules as templates in the bottom-up synthesis of inorganic nanowires has the potential to overcome this challenge due to the chemical reactivity of the templates. In addition to the challenges imposed by operating at nanometer scale lengths, interfacing biological with inorganic systems imposes challenges that require new bottomup approaches that have to be designed and optimized with respect to size, shape control and structural order.
The self-assembly process of peptides can be precisely designed by controlling the charge arrangements of the aminoacid residues on the -sheet surface. Peptide molecules containing both polar and nonpolar groups can be induced to assemble into various desired geometries, such as micelle aggregates, vesicles, bilayers or * Author to whom correspondence should be addressed.
nanofibers. [10] [11] [12] [13] Based on their -sheet motifs, proteins are folded into unique structures when they are in their normal functional state. When certain polypeptides meet the required conditions for self-assembly into fibrils, 1D protein structures are formed. The polypeptide based nanowires are mainly composed of adjacent -sheets bonded into a twisted fibrillar structure by hydrogen bonding. These 1D structures are generically called amyloid fibers and can be formed both in-vivo, by misfolding of pathogenic proteins, as well as in-vitro, by self-assembly of some nonpathogenic proteins. The -synuclein protein is of interest due to its capacity to self-assemble into long amyloid-like fibrils under certain processing conditions, such as in the presence of transition metal ions. Synuclein is a 14.5 kDa protein found in brain.
14 Synuclein has been shown to self-assemble into fibrillar structures in the presence of certain transition metals. 15 When fibrillation finds favorable conditions in-vivo, it leads to diseases such as Parkinson Disease, dementia and HallervordenSpatz disease. [16] [17] [18] However, under controlled conditions it has the capacity to self-assemble into fibers through hydrogen bonds in-vitro.
14 This capacity of synuclein to form polypeptide fibers offers the geometry that can be used as a construction tool for assembly of nanowires, with applications in nanoelectronics and medicine. The synuclein family of proteins has a high net charge (due to the highly acidic C-terminal domain), strong hydrophobicity and also has the advantage of a high ordered structure and specificity towards some ions and molecules. 19 20 Another advantage exists in the possibility to control the formation Moreover, the net negative surface charge and the porous nature of these nanowires can be exploited for several applications such as immobilization of foreign bodies for biosensing, drug delivery or catalytic purposes. The net negative charge facilitates uniform distribution of the 1D structures, over a particular area, without agglomeration, thus a large surface area becomes accessible.
Here, we report on for the first time on the synthesis of SiO 2 and TiO 2 nanowires, on a fibrillar protein (alpha synuclein) template, coupled with proof of concept testing of their potential for applications in the design of enzymatic biosensors. In this work, acetylcholinesterase (AChE) was used as a model enzyme to test the immobilization capacities of the SiO 2 nanowire samples used as a biosensor. AChE is a natural biocatalyst that catalyzes the hydrolysis reaction of acetylthiocholine chloride (ATChCl) to thiocholine. The concentration of thiocholine can be detected amperometrically, and the activity of the enzyme can be determined by recording the electrical response after the addition of the substrate, ATChCl. In the presence of a pesticide, such as paraxon, the biocatalytic effect of AChE is inhibited. Thus, when pesticides are present in a sample (AChE immobilized on SiO 2 nanowires, incubated in paraxon), less thiocholine will be detected as a reaction product of the hydrolysis of ATChCl. The percentage of AChE inhibition can then be measured and is directly related to the concentration of pesticide in the sample.
EXPERIMENTAL RESULTS

Formation of -Synuclein Fibrils
The expression and purification of -synuclein was carried out as previously described. 25 26 The E46K mutant of -synuclein, was used because it has the ability to rapidly self-assemble into fibrils. The lyophilized protein was dissolved in phosphate-buffered saline (PBS) with pH 7.4, 0.02% (w/v) NaN 3 and dialyzed against the same buffer at 4 C, for 24 h. The protein solution was filtered through a 0.22 m nylon spin filter followed by a Microcon-100 spin filter, yielding a stock solution depleted of aggregates. The final concentration of protein in PBS was of 100-300 M (determined by bicinchoninic acid (BCA) assay). The protein was incubated at 37 C for 12-96 h in a tissue culture rolling drum to generate fibrils.
Synthesis of SiO 2 and TiO 2 Nanowires of Alpha Synuclein Template
The synthesis of SiO 2 and TiO 2 nanowires was carried out by using tetraethylorthosilicate (TEOS) as the Si precursor and tetrabutyltitanate (TBT) as the titanium precursor. The other chemicals used in the synthesis procedure were ethanol, acetylacetone and methanol. For SiO 2 nanowire fabrication, 21 a suspension of the alpha synuclein fibrils in PBS (50 ul) was incubated with a 50 ul mixture of ethanol and water (50:50 wt%), adjusting the pH to 8.5 with the addition of ammonium hydroxide, followed by the addition of, 50 ul of, TEOS. After each addition step, the solution was thoroughly mixed. This solution was then incubated overnight, followed by centrifugation and washing with methanol to remove any unreacted TEOS remaining in the sample. The final sample contained SiO 2 nanowires suspended in methanol. However, for the biosensor measurements, the SiO 2 nanowires were dispersed in water. For the fabrication of TiO 2 nanowires, 24 a mixture of, 50 ul of, TBT and acetylacetone (v/v = 1:1) in ethanol, with the pH of ∼5 obtained with the addition of hydrochloric acid, was added to a alpha-synuclein solution in PBS (50 ul). Similarly following the previously described procedure, the resulting solution was incubated overnight, centrifuged and washed with methanol the following day. The final sample contained TiO 2 nanowires suspended in methanol. The microstructural characterization of the resulting nanowires was performed by field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM).
Characterization of SiO 2 and TiO 2 Nanowires
The diameter and morphology of the -synuclein fibril was studied by transmission electron microscopy (TEM), with a Philips CM-10 operating at 80 KV. A carbon coated copper TEM grid was used as the substrate. The protein solution (3 l) was pipetted out on to the TEM grid and was stained using 2% uranyl acetate solution for 1 min. The excess solution on the grid was then removed with a blotting paper and the sample was used for imaging.
Microstructural characterization of the SiO 2 and TiO 2 nanowires was performed by FESEM and TEM. For FESEM, a p-type silicon (Si) (111) wafer was used as a support, while for TEM, a 400 mesh carbon coated copper grid was used. For FESEM and TEM sample preparation, the SiO 2 or TiO 2 nanowires, suspended in methanol, were pipetted onto the substrate and dried in air. The SiO 2 and TiO 2 nanowires on the Si substrate were imaged with Hitachi S4800 field emission scanning electron microscope. The samples were coated with gold before FESEM imaging, to prevent charging. TEM samples were prepared by depositing a nanowire solution on the TEM grid, followed by drying in air and imaging with a FEI Titan 80/300 transmission electron microscope. Energy dispersive spectroscopy (EDS) was used to determine the elemental composition of the samples. Further, electron energy loss spectra (EELS) were obtained from the SiO 2 and TiO 2 nanowires to confirm the formation of SiO 2 and TiO 2 nanowires. The EELS spectra were registered on the FEI Titan 80/300. The EDS analysis was carried out on FEI nova nano SEM 200, which was quipped with an Oxford Inca 250 EDS detector.
Preparation of a SiO 2 Biosensing Electrode
The enzyme solution of AChE was prepared in phosphate buffer solution (PBS). The substrate solution, ATChCl, was prepared in 0.9 wt% NaCl solution. Briefly, 100 ul of AChE solution with 3.53 uM enzyme was added to 100 ul of SiO 2 nanowire solution. The AChE immobilized SiO 2 nanowires were deposited on screen printed electrodes (SPE) purchased from Pine Research Instrumentation. The SPE were dried in air for 2 h at room temperature and then stored in PBS at 4 C before use. The electrochemical cell was set up with 3 ml PBS and three electrodes: SPE (working electrode), Ag/AgCl reference electrode and Pt wire auxiliary electrode. 27 
Electrochemical Measurements Using SiO 2 Biosensing Electrode
The electrochemical measurements were carried out with AChE-modified SPE immersed in an electrochemical cell containing 3 ml of PBS solution at pH 7.4. These measurements were used to characterize the prepared SiO 2 biosensor. The measurements were carried out at a fixed potential of 235 mV. This fixed potential was obtained by performing a current voltage measurement, with the working electrode immersed in PBS, in the presence and absence of the substrate (ATChCl). The potential of 235 mV was then used for further measurements to obtain a calibration curve. The calibration curve provides information regarding the extent of substrate (ATChCl) required to saturate the available biocatalytic enzyme (AChE) immobilized on the biotemplated SiO 2 nanowire surface. To acquire a calibration curve, 3 ul of 1 mM ATChCl was added to the electrochemical cell containing PBS and the immersed SPE. An electrical response was recorded after the ATChCl addition. This step was repeated several times, till the current response saturated. The final volume of ATChCl required for this saturation was found to be 30 ul.
Thus the potential of 235 mV and the final volume, of ATChCl, of 30 ul was used to study the electrochemical response of the SiO 2 biosensor in the presence and absence of the pesticide, paraxon. This inhibition measurement was carried out in two steps, first by measuring the electrical response by the addition of ATChCl, to the electrochemical cell containing the working electrode, in the absence of paraxon. Next, the SPE was incubated in 10 −9 M paraxon for 10 min, followed by measuring the electrical response on ATChCl addition. The electrical response before and after pesticide inhibition were compared to evaluate the working of the SiO 2 biosensor.
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3. RESULTS AND DISCUSSION
The -Synuclein Fibril Formation
The formation of -synuclein fibrils is believed to occur through a stepwise mechanism. 25 26 The incubation of the -synuclein protein in PBS, under the conditions described in the experimental details section leads to the formation of small oligomers after a period of approximately 12 h. These oligomers transform into to protofibrils after an incubation of 36 h in PBS. The fully formed -synuclein fibrils are obtained after an incubation of 96 h. The relationship between the oligomers, protofibrils and the fully formed -synuclein fibrils is not well understood. A transmission electron microscopy (TEM) image of a fully formed -synuclein fibril is shown in Figure 1 . The twisted morphology of the fibril can be clearly observed along the length of the fibril where the stain has spread onto the substrate.
Synthesis and Characterization of SiO 2 and TiO 2 Nanowires
The morphology and average diameter of the nanowires was obtained after analyzing the EDS spectrum was obtained from a SiO 2 nanowire sample to confirm the presence of Si and O in the composition of the samples. Figure 3 shows a FESEM image (a) of a SiO 2 nanowire and the EDS spectrum (b) was taken from the region indicated in the image (a). The EDS spectrum distinctively shows the Si and O peaks at 1.75 and 0.5 keV respectively. The spectrum also shows the carbon and copper peaks which come from the carbon coated copper TEM grid. From the EDS spectrum the presence of Si and O, on In addition to the EDS spectrum, EELS spectra were obtained from the SiO 2 and TiO 2 nanowires to confirm the formation of SiO 2 and TiO 2 on the alpha synuclein template. Figure 4 shows a TEM image (a) of a SiO 2 nanowire and the inset shows the highlighted region from which the EELS spectrum was obtained. Figure 4(b) shows the EELS spectrum. The spectrum very clearly shows the Si L 2 3 major edge at 99 eV and the Si L 1 minor edge at 149 eV. The spectrum also shows the carbon edge at ∼300 eV. The nature of the spectrum matches well with a reference SiO 2 spectrum. Thus the EELS spectrum confirms the formation of SiO 2 on the alpha synuclein template. Similarly, an EELS spectrum was obtained from the TiO 2 nanowire sample to confirm the formation of TiO 2 on the alpha synuclein template. Figure 5 shows a TEM image (a) of a TiO 2 nanowire and Figure 5(b) shows the EELS spectrum from the nanowire shown in Figure 5(a) . The EELS spectrum distinctively shows the Ti L 2 and L 3 major edges at 456 and 462 eV respectively. The Ti L 1 minor edge at 564 eV is observed. The oxygen O-K edge at 532 can also be seen. From the EELS spectra the formation of TiO 2 on the alpha synuclein template was confirmed. Moreover, the nature of the EELS spectrum matches well with the reference TiO 2 spectrum, which further confirms the formation of TiO 2 .
Merril et al. 34 35 demonstrated for the first time that proteins and DNA can be metalized with silver and this mechanism is at the basis of detection of nucleic acids and proteins in silver stained gels, widely used in biology laboratories. When metallic and semiconductor nanostructures are deposited on protein and DNA templates, the mechanism of this process starts with the initial attachment of cations to the negatively charged groups of the template, followed by a simple reductive deposition, in the case of metals, or subsequent reaction with an anion, in the case of binary compounds. The formation mechanism of the SiO 2 and TiO 2 shell on a biological template by the hydrolysis and condensation reaction, of the precursor is still unclear. The hydrolyzed and partially condensed precursors could be attracted to the template by van der Waals forces. Moreover, the negatively charged SiO 2 or TiO 2 monomers could be attracted to the positively charged regions of the template. Further, there have been some studies carried out to investigate the interaction mechanism between proteins and hydrophilic silica surfaces. These studies suggest that the hydroxyl groups on the silica surface and carboxyl/carbonyl or amine/imido groups in the protein structure contribute to the formation of the silica shell. 36 37 When the initial hydrolysis reaction is complete and the partially condensed precursors get attached to the surface of the template, additional SiO 2 or TiO 2 precursors could undergo the condensation reaction and get attached to the previously condensed precursor thus forming a gel on the surface of the template. The nanowire synthesis experiments were performed with the objective of designing a synthesis procedure that can tune the diameter of the nanowires in a controlled manner, by changing the process variables. The diameter of the nanowires could be varied in the range 25-100 nm. In case of SiO 2 nanowires, the diameter was varied by varying the amount of SiO 2 precursor (TEOS). Figure 6 shows three TEM images of SiO 2 nanowires with varying diameter, from 20-100 nm, for 10 (a), 50 (b) and 200 ul (c) of TEOS, respectively. From the TEM images it was observed that the morphology of the alpha synuclein template was maintained after the synthesis of SiO 2 nanowires with varying diameter. However, with the increase in SiO 2 precursor there was slight agglomeration of SiO 2 along the length of the nanowire.
Similarly, the diameter of TiO 2 nanowires could be varied by varying the precursors used in the synthesis process. In particular varying the amounts of TBT and acetylacetone independently lead to a good control over the diameter of the nanowire. The diameter of the TiO 2 nanowires could be varied between 20-100 nm. Figure 7 shows TiO 2 nanowires synthesized by varying the amounts of TBT from (a) 400 ul, (b) 1 ml, (c) 2 ml to (d) 4 ml. The diameter of the nanowires increased with increase in the precursor solution volume. It was also observed that the morphology of the alpha synuclein template was maintained up to 4 ml TBT. Beyond 4 ml TBT the nanowire appeared to have agglomerates along their lengths, thus deviating from the morphology of the template. This deviation was attributed to the increase in the precursor volume. Moreover, the 24 which allows for slow gel formation of TiO 2 . Thus the varying amounts of acetylacetone can be exploited to control the diameter of the TiO 2 nanowires. Figure 8 shows two TEM images of TiO 2 nanowires with varying amounts of acetylacetone. The TiO 2 nanowire in Figure 8 (a) appears to have a larger diameter (∼60 nm) than that of Figure 8 (b) (∼40 nm). The acetylacetone volume for TiO 2 sample in Figure 8 (a) was 1 ml and for Figure 8 (b) was 5 ml.
Electrochemical Response from SiO 2 Nanowire
Based Biosensor
The high surface area and porous nature of the SiO 2 nanowires was exploited to demonstrate a basic proof of concept for a biosensing application. Here, the SiO 2 nanowires were used for immobilizing as enzyme (AChE) and the sample was then briefly tested for pesticide detection. Figure 9 (a) shows an FESEM image of AChE immobilized SiO 2 nanowires on the SPE electrode, which was used to obtain the electrochemical response. Figure 9 (b) shows two current voltammetry (CV) curves recorded in the presence and absence of the substrate ATChCl. From these curves, it was evident that the hydrolysis reaction did not proceed in the absence of the substrate, ATChCl. However in the presence of ATChCl an oxidation peak at 235 mV was recorded, indicating the oxidation of the reaction product, thiocholine. The reaction occurs according to the following reaction 
The oxidation potential of 235 mV was then applied to the SPE electrode to obtain a calibration curve. The calibration curve was obtained to study the extent of ATChCl required to saturate the available enzyme (AChE) on the biotemplated SiO 2 nanowire surface, in order to record a maximum electrical response. Figure 10 shows the calibration curve, which clearly shows that the electrical response increases with ATChCl addition. The addition of ATChCl was carried out in steps of 3 ul until the electrical response saturated. The final ATChCl volume was found to be 30 ul. The saturation volume (30 ul) was then used to study the electrical response of the immobilized enzyme (AChE) Fig. 11 . Electrical response obtained before (a) and after (b) the electrode was exposed to the pesticide. The decrease in response indicates the presence of the pesticide. on the biotemplated SiO 2 nanowires before and after pesticide inhibition. The initial current response was obtained after the addition of 30 ul of ATChCl to the SPE electrode, which was found to be 0.4373 uA. The SPE electrode was incubated with a paraoxon spiked sample for 10 min, and showed a final current response of 0.0179 uA. The decrease in the response indicates the AChE inhibition effect induced by the presence of the paraoxon pesticide. This result shows that SiO 2 nanowires have the potential to be used as a biosensor platform and more specifically, they can be used to detect organophoshorous pesticides. Figure 11 shows the electrical response before and after the pesticide inhibition.
CONCLUSION
In summary, -synuclein protein was used as a template for the synthesis of SiO 2 and TiO 2 nanowires. The EDS and EELS spectra indicated the formation of SiO 2 and TiO 2 nanowires on the protein fibril template. The diameter of the nanowires, and therefore their surface area, could be varied by varying the process parameters. The surface morphology of SiO 2 nanowires was briefly tested as a potential material for enzyme immobilization and pesticide detection.
